Purpose To develop fenretinide oral mucoadhesive patch formulations and evaluate their in vitro and in vivo release performance for future site-specific chemoprevention of oral cancer. Methods Solubilization of fenretinide in simulated saliva (SS) was studied by incorporating nonionic surfactants (Tween® 20 and 80, and Brij® 35 and 98), bile salts (sodium salt of cholic, taurocholic, glycocholic, and deoxycholic acids), phospholipid (lecithin), and novel polymeric solubilizer (Souplus®). Adhesive (polycarbophil: hydroxypropyl methylcellulose 4KM) and drug release (Fenretinide/Eudragit® RL PO with or without solubilizers) layers were prepared by solvent casting. Oral mucoadhesive patches were formed by attaching drug and adhesive layers onto backing layer (Tegaderm™ film). Physical state of drug in Eudragit® films was examined by X-ray diffraction (XRD). Evaluation of in vitro and in vivo fenretinide release from the patch was conducted in SS containing 5%w/v sodium deoxycholate and rabbits, respectively. Fenretinide was quantified by HPLC.
INTRODUCTION
Oral squamous cell carcinoma (OSCC) will affect over 36,000 Americans this year, resulting in over 7,000 deaths (1). Notably, the overall prognosis for persons diagnosed with oral cancer is among the lowest of any solid tumors (2) . Even patients fortunate enough to obtain a surgical cure face major functional and esthetic sequelae due to loss of tissues essential for esthetics and function (2) . Furthermore, OSCC does not arise de novo, but rather from visibly accessible precursor lesions known as oral epithelial dysplasia (OED). Clearly, early detection of premalignant OED lesions in conjunction with effective chemopreventive strategies could help alleviate the morbidity and mortality associated with OSCC.
An underlying problem in OED lesions is inappropriate growth and maturation of lesional epithelial cells resulting in failure to undergo terminal differentiation and, if warranted, entrance into apoptosis (3) . Notably, fenretinide (4-hydroxyphenylretinamide), which is a synthetic derivative of vitamin A, is a superlative inducer of epithelial differentiation (at lower doses) as well as apoptosis (at higher doses) in vitro (4, 5) . As a result of these positive in vitro attributes, numerous oral cancer clinical trials have evaluated fenretinide (6, 7) . Complications such as low bioavailability and rapid drug elimination from the body (8, 9) , along with toxicity (e.g., mucositis and hyperlipidemia) (10, 11) , originating respectively after oral and intravenous administration, have impeded its use in chemoprevention for oral and other cancers.
Local drug delivery, on the other hand, has proven to be highly effective in providing therapeutic drug levels directly at the site of numerous cancers, thereby improving the therapeutic efficacy of the drug and patient compliance (12) (13) (14) . Due to anatomic considerations, which include capacity for direct visualization (which enables monitoring of therapy and direct placement of drug delivery system), oral mucosa is more amenable to the use of local drug delivery strategies than either primary chemoprevention (suppressing progression of premalignant lesions to cancer) or secondary chemoprevention (inhibition of cancer recurrence) (15) . Previous studies in our labs have demonstrated that oral site-specific delivery from mucoadhesive gels (16) (17) (18) or nanoparticles (19) could sustain localized therapeutic levels of hydrophilic chemopreventive agents. Very high hydrophobicity (log P=8.03) and extremely low water solubility (below detection limit) of fenretinide, however, complicate the development of oral mucoadhesive formulations with optimal drug release behavior (20) . Hence, we sought to develop oral mucoadhesive patches of fenretinide and evaluated in vitro and in vivo for the purpose of providing continuous drug release.
Eudragit® copolymers are derived from esters of acrylic and methacrylic acid and widely used in numerous drug delivery applications (21, 22) . Eudragit® RL PO and RS PO provide a highly flexible polymeric matrix for manipulation of drug release behavior of both hydrophilic and hydrophobic drugs (22) . Eudragit® RL PO/RS PO, polycarbophil, and hydroxypropyl methylcellulose (HPMC) are well-known to exhibit excellent oral mucoadhesive properties (23, 24) . Hence, Eudragit® RL PO/RS PObased mucoadhesive patches for delivery of fenretinide with and without drug solubilizers were developed (as shown Fig. 1 ) and evaluated for future oral cancer chemoprevention therapy. , and/or a novel amphiphilic polymer (Soluplus®). Briefly, an excess amount of fenretinide was added into separate amber color ampoules containing 1 mL 0.5, 1, 2, and 5%w/v solutions of solubilizers (prepared using N 2 -purged simulated saliva) and sealed under vacuum in order remove the oxygen from the head-space. The ampoules were then placed in an incubator maintained at 37°C and shaken at 240 RPM for 72 h. This duration was found to be sufficient to reach equilibrium, as indicated by insignificant increase in fenretinide solubility beyond 72 h incubation duration (data not shown). Then, the ampoules were broken, and the mixture was passed through a 0.45 μm PVDF filter unit (Millipore, USA) and diluted suitably with respective solubilizer solution, and the amount of fenretinide solubilized in simulated saliva was determined by HPLC.
MATERIALS AND METHODS

Materials
Preparation of Oral Mucoadhesive Patches for Delivery of Fenretinide
Preparation of Adhesive Layer
An adhesive layer based on the blend of HPMC 4KM and PC at a weight ratio of 3:1 was prepared by a casting method. Briefly, 1.5% polymer solution was prepared in ddH 2 O containing required amount (20 wt% based on polymer mass) of propylene glycol by stirring the polymer/ water mixture overnight. About 50 mL of polymer solution was then casted onto glass petri dish (150×20 mm) and incubated at 50°C for 48 h. Then, the polymer film was cut into required size and stored in a desiccator at room temperature until further use.
Preparation of Fenretinide Layer
Preparation of fenretinide films was performed under protection from light. Required quantity of plasticizer (triethyl citrate), solubilizer (Tween® 20, Tween® 80, Brij® 98, sodium deoxycholate), and Eudragit® (RS PO or RL PO) were weighed in 15 mL polypropylene tubes to which 8 mL of a 50:50 (v/v) acetone-ethanol mixture was added. The quantity of plasticizer or solubilizer added was calculated based on the mass of polymer. The resulting mixture was vortexed until all ingredients were dissolved. The required quantity (5 or 10 wt% based on the total mass of polymer + excipients) of fenretinide was then added to above-prepared polymerplasticizer or polymer-solubilizer solution and vortexed again, and the volume was adjusted to 10 mL with the same solvent mixture. Five milliliter of fenretinidepolymer solution was added onto Teflon (Scientific Commodities, Inc., Lake Havasu City, AZ, USA) overlaid glass petri dish (60×15 mm) and incubated at 38°C for 48 h. After sufficient drying, fenretinide-loaded polymer film was cut into required size (7 mm diameter), packed in aluminum foil, and stored in a desiccator at −20°C until further use.
Assembly of Oral Mucoadhesive Patches of Fenretinide
An annular adhesive layer with 11 (outer diameter) and 7 (inner diameter) mm dimensions was formed by cutting the film with 11 and 7 mm cork borers, respectively. The adhesive layer was then placed onto adhesive side of the Tegaderm™ film (backing layer), followed by insertion of previously cut 7 mm fenretinide/Eudragit® layer into open region of adhesive layer to obtain oral mucoadhesive patch of fenretinide (see Fig. 1 ).
Determination of Fenretinide Loading
Seven-millimeter fenretinide/Eudragit® films were digested in acetonitrile: ethanol (50:50), passed through 0.45 μm PVDF filter units, and analyzed by HPLC after suitable dilution. The fenretinide loading was calculated as the percentage of the amount of fenretinide versus the total weight of the film mixture (i.e., fenretinide, Eudragit®, and other excipients).
X-ray Diffraction (XRD)
The physical state of fenretinide in Eudragit® films was examined by measuring the XRD pattern of fenretinide, blank, and fenretinide/Eudragit® films with and without solubilizers using a Scintag powder X-ray diffractometer (Scintag, CA, USA). The X-ray source was copper Ka (40 kV, 30 mA), and the scanning speed was 2 deg/min.
Evaluation of In Vitro Release of Fenretinide from Oral Mucoadhesive Patch
Simulated saliva was respectively comprised of 14.4, 16.1, 1.3, 0.55, and 2 mM sodium chloride, potassium chloride, calcium chloride dihydrate, magnesium chloride hexahydrate, and dibasic potassium phosphate, with the pH adjusted to 6.8. In vitro release studies were conducted in simulated saliva containing 5% (w/v) sodium deoxycholate under perfect sink conditions. Oral mucoadhesive patches were placed in 50 mL tubes (separate tubes for each sampling interval), and 40 mL release medium was added to each tube. The tubes were placed in an incubator maintained at 37°C and shaken at 100 RPM. After every 2 h of incubation, the release medium was replaced with fresh buffer. At predetermined time intervals (1, 2, 4, 6, and 8 h), three tubes were taken out, and the patches were freeze-dried. Determination of remaining drug content in the patch was performed according to the drug loading assay. The cumulative amount of released fenretinide was determined by subtracting the fraction remaining in the patches from the initial drug content.
Eudragit® Polymeric Matrices Hydration/Swelling
Fenretinide-Eudragit® films (7 mm) were weighed (initial weight) in 50 mL tubes (separate samples for predetermined periods of time), and 40 mL of simulated saliva (pH 6.8) containing 5% (w/v) sodium deoxycholate was added. The tubes were then placed in an incubator maintained at 37°C and shaken at 100 RPM. At predetermined time intervals (1, 2, 4, 6, and 8 h), three tubes were taken out, and films were wiped off from the excess surface water using filter paper and weighed (hydrated weight). Experiments were performed in triplicate (n= 3), and the swelling (%) of fenretinideEudragit® matrices was calculated as follows:
Evaluation of In Vivo Fenretinide Release from Oral Mucoadhesive Patch
Animal studies were approved by the Ohio State University Institutional Animal Care and Use Committee and adhered to National Institute of Health guidelines. Female New Zealand white rabbits (12 weeks old and weighing about 2.78 kg) were anesthetized with isoflurane (5% v/v in oxygen) via inhalation for patch placement and removal. Six fenretinide oral mucoadhesive patches/time point were placed on the buccal mucosa of individual rabbits' (three patches each on the left and right buccal mucosa) oral cavities (drug + adhesive layers facing the mucosa). Slight pressure was applied to the backing layer of the patch for 1 min to establish mucoadhesion with the rabbit buccal mucosa. After different attachment times (1, 4, and 8 h), the patches were carefully removed, and remaining drug content in the patch was determined as per the method described in drug loading assay. The cumulative amount of released fenretinide was determined by subtracting the fraction remaining in the patches from the initial drug content.
Statistical Analysis
The results are expressed as mean ± SE (n=3 (in vitro) or 6 (in vivo)). An unpaired Student's t-test was used to compare the means of in vitro, in vivo, and in vitro-in vivo drug release at the different release duration among various patch formulations and assess statistical significance. Results were considered statistically significant if p<0.05.
RESULTS AND DISCUSSION
Oral Mucoadhesive Patch of Fenretinide-Challenges and Formulation Strategies
Fenretinide is a highly lipophilic chemopreventive compound with extremely low water solubility (below detection limit) (20) . Clinical trials conducted with an oral gelatin capsule containing fenretinide in corn oil and polysorbate 80 demonstrated poor bioavailability due to its minimal intestinal membrane permeability resulting from very high log P value (8.03) (8, 9, (25) (26) (27) . In addition, fenretinide was rapidly eliminated from the body after intravenous injection (8, 9) . These issues emphasize the necessity for a suitable drug delivery carrier and strategy to improve its efficacy in cancer chemoprevention. Local drug delivery implants, patches, liposomes, microparticles, nanoparticles, gels, or ointments have demonstrated the strong ability to provide high, localized doses of drug directly at the site of tumor or tumor resection (14) (15) (16) 19, (28) (29) (30) . Importantly, the ability of fenretinide to accumulate in cell lipid bilayers (9) makes it an ideal drug candidate for the development of intraoral site-specific drug delivery carriers in oral cancer chemoprevention. However, highly hydrophobic drugs often exhibit poor release performance from both hydrophilic and hydrophobic polymeric carriers (8, 20) . Hence, it is necessary to adopt an effective drug solubilization strategy to obtain continuous drug release from the polymeric carriers. In order to achieve this objective, we initially studied fenretinide solubilization by employing nonionic surfactants, bile salts, a phospholipid, and a novel amphiphilic polymer (as described below) to determine the most effective solubilizers.
Significant Solubilization of Fenretinide in Simulated
Saliva by Co-incorporation of Nonionic Surfactants, Bile Salts, Phospholipid, and Novel Amphiphilic Polymer
To determine suitable solubilizers, we studied the enhancement of fenretinide solubility in simulated saliva (pH 6.8) by 0.5-5%w/v nonionic surfactants (Tween® 20 and 80, and Brij® 35 and 98), bile salts (sodium salt of cholic, taurocholic, glycocholic, and deoxycholic acids), phospholipid (lecithin), and a novel amphiphilic polymer (Soluplus®) (see Fig. 2 ). The solubility of fenretinide in simulated saliva was significantly enhanced by all the solubilizers studied (e.g., below detection limit to 98-505 μg/mL at 5%w/v concentration). The relationship between solubility of fenretinide and the concentration of bile salts is shown in Fig. 2a . With an increase in concentration of bile salt from 0.5 to 5% (w/v), the solubility of fenretinide increased either proportionally (in case of sodium deoxycholate) or gradually until 2% (w/v) bile salt and then in a more pronounced manner (in case of other bile salts), indicating micellar solubilization of fenretinide. Solubilization capacity of bile salts, however, decreases as follows: sodium deoxycholate > sodium cholate > sodium taurocholate > sodium cholate. For example, the solubility of fenretinide with 5% w/v sodium deoxycholate, sodium cholate, sodium taurocholate, and sodium glycocholate was 403, 264, 203, and 166 μg/mL, respectively. Similar solubilization behavior by these bile salts has been observed before for steroid hormones (31) . The effect of nonionic surfactants (Tween® 20 and 80, and Brij® 35 and 98) on fenretinide solubility is shown in Fig. 2b . Tween® 20 and 80 and Brij® 98 exhibited higher solubilization potential compared to all other kinds of solubilizers studied in the current study. For example, the solubility of fenretinide with 5% w/v Brij® 98, Tween® 20, and Tween® 80 was 505, 404, and 457 μg/mL, respectively. Intermediate solubility enhancement was observed with Soluplus® (see Fig. 2c ) and lecithin (see Fig. 2d ) (solubility of fenretinide with 5%w/v lecithin and Soluplus® was 200 and 98 μg/mL, respectively). Significant fenretinide solubility enhancement achieved by employing bile salts (32, 33) , nonionic surfactants (34, 35) , phospholipid (36) , and polymeric solubilizer (37) can be attributed to their excellent ability to exhibit micellar solubilization for hydrophobic molecules.
Design, Development, and Characteristics of Fenretinide Oral Mucoadhesive Patch Formulations
Numerous kinds of devices, such as tablets, films, patches, disks, strips, ointments, and gels, have been studied for oral transmucosal drug delivery (38, 39) . Among them, mucoadhesive patches are highly flexible and better tolerated by patients than tablet formulations (39) . In addition, patches are more efficient in providing accurate dosing and effective localized delivery of drugs compared to gels and ointments (40) . Ideally, oral mucoadhesive systems should consist of swellable polymeric matrix layer to release the drug in a controlled manner, good mucoadhesive strength, and impermeable backing layer to prevent the drug release/loss from back surface (41). In the current study, we designed and successfully developed an oral mucoadhesive patch comprising drug release, mucoadhesion, and backing layers (see Fig. 1 ). The concentration of polymer, volume of polymer solution, and size of the petri dishes that are required to form fenretinide and adhesive layers of approximately equivalent thickness was initially optimized and listed in the "Materials and Methods" section. Fenretinide-loaded Eudragit® RL PO or RS PO layers were prepared by a solvent casting method with excellent drug loading efficiency of 90%-97% (see Table I ). The thickness of fenretinide and adhesive layers, and the Tegaderm™ adhesive film were measured to be~0.28, 0.28, and 0.05 mm, respectively. After assembling drug and adhesive layers onto backing layer, the total thickness of the patch was measured to be~0.33 mm.
The physical state/distribution of fenretinide in Eudragit® films was examined by XRD. The XRD pattern of fenretinide and fenretinide/Eudragit® layers with and without solubilizers are displayed in Fig. 3 . As shown in Fig. 3a , fenretinide displayed numerous peaks corresponding to its crystal form, whereas Eudragit® RL PO polymer (Fig. 3b) Fig. 3c-h) , and only the XRD pattern of Eudragit® polymer was observed. This finding strongly suggests that drug was distributed in an amorphous form (molecular level distribution) in the polymeric matrices.
Effect of Formulation Parameters on In Vitro and In Vivo Release of Fenretinide from Eudragit® Oral Mucoadhesive Patch
Since the solubility of fenretinide in water is very low (below detection limit), 5%w/v sodium deoxycholate was incorporated in release medium to maintain the sink condition. The effect of drug loading, polymeric matrix permeability of Eudragit®, and co-incorporation single (20 wt% Tween® 20 and 80, and Brij® 98, and sodium deoxycholate) or mixed (40 wt% sodium deoxycholate + 20 wt% Tween® 80) solubilizers on in vitro fenretinide release is shown in Fig. 4 Eudragit® RL PO in place of Eudragit® RS PO (see Fig. 4a ), or increasing drug loading (see Fig. 4b ) did not provide continuous release of fenretinide over a period of 8 h (i.e., 7-10, 10-13, and 14-18% drug release after 1, 4, and 8 h, respectively). Co-incorporation of single (see Fig. 4c ) or mixed (see Fig. 4d ) solubilizers in the highly permeable Eudragit® RL PO patch provided significantly (p< 0.05) improved continuous in vitro fenretinide release (i.e., 17-24, 10-46, and 50-75% drug release after 1, 4, and 8 h, respectively). This finding was in good agreement with water uptake/polymer hydration results, where solubilizer-loaded patches exhibited significantly higher water uptake/polymer hydration than the solubilizer-free patch (see Fig. 5 ).
To further understand the kinetics of fenretinide release from Eudragit® RL PO patch, the release data were analyzed using Higuchi and Korsmeyer-Peppas kinetic equations (42) . Solubilizer-free Eudragit® RL PO patches exhibited a biphasic drug release pattern with an initial burst release phase followed by a lag-phase and then steady controlled drug-release phase. Similar biphasic drug-release behavior was also observed from dicyclomine/Eudragit® S-100 matrices (43) . When all the data of fenretinide release vs. time were considered for the Higuchi plots, poor fits (R 2 <0.9) were observed for the solubilizer-free patch formulations, and only the latter phase was used to assess the release mechanism (see Fig. S1 ). By contrast, with solubilizer-loaded patches, fenretinide release was monophasic, and the entire data set was analyzed. Best fits (R 2 = 0.98 to 1) (see Fig. S1 and Table SI) observed with the Higuchi equation and square-root time dependence strongly suggest a drug diffusion mechanism driven by a limited solubility driving force. Fenretinide release data was further analyzed by Korsmeyer-Peppas equation. As shown in Table SII , the value of n was 0.447-0.52 with correlation co-efficient value of 0.949 to 1, further supporting Fickian diffusion. Microencapsulation of nonionic surfactants in Eudragit® RL PO/RS PO matrices have been shown to reduce the T g of the polymer considerably (44, 45) , leading to improved permeability and hydration of the polymeric matrix (45, 46) . It is important to emphasize that swelling was substantially greater upon incorporation of solubilizer in the patch (see Fig. 5 ), and the lag time for diffusion from solubilizer-free patches may reasonably be related to diffusion time of the solubilizer from the simulated saliva release medium to enter the patch and solubilize the drug. Hence, improved continuous release of fenretinide from solubilizer-loaded patches relative to solubilizer-free patches can be reasonably explained by increased water in the hydrogel, micellar solubilization of fenretinide (32, 47) , and diffusion of the drug-associated micelles (48) .
The potential of incorporating appropriate solubilizers in Eudragit® patches to provide continuous in vivo fenretinide release was evaluated by conducting the drug release study in rabbits. The effect of co-incorporation of In vitro release studies were conducted in simulated saliva (pH 6.8) containing 5% w/v sodium deoxycholate at 37°C. Fenretinide loading (theoretical) in all patch formulations was 5 wt%. Solubilizer-free patch formulation was prepared using triethyl citrate (20 wt%) as a plasticizer. Solubilizer-loaded patches were prepared without triethyl citrate. Symbols represent mean ± SE, n=3 (in vitro) or 6 (in vivo). appropriate solubilizers (20 wt% Tween® 80+40 wt% sodium deoxycholate with respect to Eudragit®) on in vivo fenretinide release and comparison of in vitro and in vivo fenretinide release from solubilizer-free and solubilizerloaded Eudragit® RL PO patches are shown in Fig. 6 . Poor in vivo controlled fenretinide release behavior was observed with the solubilizer-free patch. For example, solubilizer-free patch exhibited about 11-15% fenretinide release after 1-8 h of mucosal attachment, respectively (see Fig. 6a ). This finding can be attributed to its extremely low water solubility and/or permeability across biological membranes (9) . In contrast, solubilizer-loaded patches exhibited 17, 23, and 40% in vivo fenretinide release, respectively, after 1, 4, and 8 h of mucosal attachment (see Fig. 6a ), indicating high effectiveness of solubilizers to provide continuous in vivo release of fenretinide from Eudragit® polymeric matrices. A variety of solubilizing and permeation enhancing agents have been shown to facilitate buccal mucosal permeation and provide tissue localization for hydrophobic drugs (49) (50) (51) . It is noted that there was no significant difference (p>0.05) between in vitro and in vivo fenretinide release from solubilizer-free patches (see Fig. 6b ). There was a significant difference (p<0.05), however, between in vitro and in vivo fenretinide release from solubilizer-loaded patches (see Fig. 6c ), although the continuous release trend was the same. The latter difference can be attributed to dissimilarity in test conditions (e.g., in vitro drug release in simulated saliva vs. in vivo drug release followed by permeation across buccal mucosal membrane). The finding of the current study was in good agreement with the results of Junginger et al. (52) , where significant differences between in vitro and in vivo permeation of FITC-labeled dextran across pig buccal mucosa was observed. It should be noted, however, that similar trends were observed in both experiments, where FITC-dextran permeated easily under in vitro and in vivo conditions, and the permeability of this compound increased in the presence of a permeation enhancer, sodium glycodeoxycholate.
Stability of Fenretinide
Fenretinide is a light-and oxygen-sensitive drug. From control studies (data not shown), it was found that fenretinide in aqueous solution is relatively more sensitive to ambient light than oxygen (~5 and 41% drug loss after 7 days of exposure of fenretinide/phosphate-buffered saline + 0.1% Tween® 20 solution to oxygen and light, respectively). Therefore, fenretinide solutions were protected from exposure to light and analyzed immediately by HPLC. In contrast, we observed excellent fenretinide stability in biodegradable polymers during in vitro drug release over a period of 28 days (20) . In the current study, there was no observable degradation of fenretinide in Eudragit® polymer during in vitro and in vivo drug release (see Fig. S2 ). Finally, preliminary studies with solubilizerloaded patches, which had been stored for 6 months at −20°C and then incubated in saliva at 37°C, did not show any evidence of drug degradation in the LC-MS analysis of saliva samples (data not shown). These data collectively suggest good stability of fenretinide in the formulations described here for intraoral administration.
CONCLUSIONS
This study demonstrates significant solubilization of fenretinide in aqueous medium by a variety of solubilizers. Tween® 20 and 80, Brij® 98, and sodium deoxycholate exhibited the highest fenretinide solubilization potential among the solubilizers studied. Oral mucoadhesive patches for delivery of fenretinide were developed and evaluated to optimize important formulation variables, including drug loading, polymeric matrix permeability of Eudragit®, and suitable solubilizers, and to obtain continuous release of fenretinide. Fenretinide/Eudragit® RL PO patches with 20 wt% Tween® 80 + 40 wt% sodium deoxycholate solubilizers appear to be an optimal continuous-release oral mucoadhesive patch formulation for future preclinical and clinical evaluation of intraoral site-specific continuous release of highly hydrophobic fenretinide.
